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) INTRODUCTION

This is the third of three guarterly reports submitted
under this contract, “The purpose of this contract is to develop
an improved approach to the communication-electonic system inte-
gration investigating the use of computerized analytical tools
such as IEMCAP in conjunction with the overall EMI test pro-
cedures of MIL-STD-161A and 462 to develop a more meaningful and
economical approach to defining the system EMI problems. The
analytical techniques provide guidance and insight into system
characteristics that will allow for effective utilization of
measurement resources and time. The contract results will lead
to the establishment of an interactive EMI/EMC analysis and
measurement procedure that will provide the basis for a meaning-
ful EMI intrasystem measurement standard. In pursuit of the
contract goals, this quarterly report contains a description of
broadband measurement techniques and an evaluation of the re-
quired EMI/EMC test procedures and limits.

This is a four section report. In addition to this
introductory section, Section 2 describes third quarer events,
Section 3 describes the work accomplished in the third quarter
and Section 4 describes the work planned for the final quarter
of the project.




2. THIRD QUARTER EVENTS

Third quarter events included a meeting at USACORADCOM
on 14 February 1980 which concentrated technical effort in two
major project areas. They were the completion of the broadband
measurement technique development and the evaluation of the
MIL-STD-461A test procedures and limits.

The 14 February meeting allowed Atlantic Research
project personnel to consult with USACORADCOM personnel on the
broadband measurement technique effort and some proposed changes
to MIL-STD-461A limits based on EMI/EMC computer analysis which
would be performed prior to MIL-STD-461A testing of a system and
the use of the broadband measurement techniques that were being
developed for the EMI/EMC testing. Additionally, the second
quarterly report was discussed since it contained a great deal
of this information. In attendance at the meeting were:

USACORADCOM - Warren Kesselman
- Paul Major
- Stuart Albert
Atlantic Research - William Duff

- Lester Polisky
- John Savage
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2. WORK ACCOMPLISHED IN THIRD QUARTER
The work in the third quarter has completly defined a

broadband emission measurement technique from 14 kHz to 10 GH:
and has produced an initial evaluation of the MIL-STD-461A limits
and MIL-STD-462 measurement procedures.

For MIL-STD-461A defined Class IIIA equipments the
broadband emission measurement technique will be directly
applicable since only emission tests are required. They are REOS
and CE03. However, for intrasystem EMI/EMC testing of Class IIIA
equipments or EMI/EMC testing of Class I or Class I equipments
broadband measurement techniques may only be applied for some of
the required measurements. The same condition applies to auto-
mated measurement techniques. Broadband and automated measurement
techniques are not amenable to some of the MIL-STD-462 measurement
procedures. Table 12 lists these measurements. In the fourth
quarter this problem will be examined further and alternative
test techniques suggested where possible.

A. Broadband Measurements of Emission

In the previous Quarterly Report, a hypothetical Broad-
band Measurement System based on a crystal-video receiver and
broadband antennas was analyzed for factors affecting its practi-
cal realization. Expressions were presented for sensitivity to
CW and impulse signals in the presence of receiver noise. The
sensitivity was shown to be adequate for MIL-STD-461-type measure-
ments. The concept was then advanced that an impulse-to-CW
response ratio can be specified by controlling the post-detection
to pre-detection bandwidth ratio, and that the response to all
other types of signals will fall somewhere between the CW and
impulse responses. This concept was used to generate a hypo-
thetical Broadband Measurement Specification reflecting suitable
changes in the REOZ limits. Examination of the impulse levels
that would have to be handled in the hypothetical system during
measurements to the new limits revealed that an impractical
detector drive level of hundreds of peak watts would be required
to provide sufficient dynamic range.
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This Quarterly Report finds a solution (up to 1 GHz) to
the dynamic range probiem in improved state-of-the-art detector
sensitivity and reduction of RF gain to provide detector-noise-
limited operation as opposed to input-noise-limited operation.

The gain reconfiguration results in generation of a second-cut
hypothetical Broadband Measurement System block diagram. Results
of laboratory measurements using CW (representing the simplest
narrowband signal), white noise (representing worst-case uncorrel-
ated broadband signals) and impulses (representing worst-case
correlated troadband signals) are then presented io verify the
mathematics of the previous Quarterly Report. A discrepancy in
the noise verification leads to an improved mathematical model for
the handling of noise by the detector. Finally, criteria for a
realizable Broadband Measurement System are set forth.

1) Improved Broadband Measurement System

The hypothetical Broadband Measurement System presented
in the previous Quarterly Report suffered from inadequate dynamic
range to handle worst-case impulse sig..als. The thought of
improving the situation by using several detectors in series with
progressively smaller bandwidths between them was quickly abandon-
ed when it was realized that the dynamic range requirement is
squared in every square-law detector through which the signal
passes. Other standard dynamic range extension means such as
feedback linearization, logarithmic amplification ai . progressive
detection are out of the question because of the extremely wide
bandwidths required. Breaking up the five bands into subbands
for parallel analysis is workable but would complicate the system
and probably make it prohibitively expensive.

The dynamic range problem ficusses on the detector. The
RF amplifiers preceeding the detector will have sufficient dynamic
range if their gains can be reduced. The gains are excessive
because the detector is not sensitive enough alone. A simple
solution presents itself if the detector sensitivity can be
improved and/or other means found to reduce the RF amplifier gain
required.




a) Wide Dynamic Range Detectors

Up to this point, the detectors used in the hypothetical
Broadband Measurement System have been assumed to have a nominal
-55 dBm tangential sensitivity. Driven by typical amplifiers with
+13 to +29 dBm output capability, this leads to dynamic ranges of
68 to 84 dB. Dymanic ranges of 70 to 100 dB are required if the
system is to function with r=20 dB as intended, where r is the

broadband to narrow band response ratio.

Further investigation of diode detector technology dis-
closes that low-barrier Schottky detector diodes are not available
from Hewlett-Packard with voltage sensitivites as high as 30 mV/uW
(compared with 0.4 mV/uW for the older point-contract diodes.)
Investigation also discloses that tangential sensitivity is a
complex function of diode voltage sensitivity, bandwidth, bias and
1/f noise. A considerable improvement in dynamic range can be
affected if calculated tangenetial sensitivity values are used in
the system performance evaluation instead of nominal values.

Tangential sensitivity, Tss’ for a detector is commonly
defined as the signal input required for an output signal-to-noise
ratio of 8 dB. Thus:

VSO - VNO = 8 dB

where VSO is the RMS signal output voltage and Vy, is the RMS noise
output voltage, both in dBuV for a CW (or non-bandwidth-limited
pulse) input signal.

Typical data from Hewlett-Packard describing low-barrier
Schottky diodes optimized for detector usage show a dynamic trans-
fer characteristic with a square-law region at low signal levels
and a linear region at high signal levels, which is typical of
most detector diodes.

In the square-law region:
. UROPI X
0 " RyrRy (1)
| where ¥ is the voltage sensitivity of the diode in mV/uW, R0 is
E the detector output load resistance in ohms, RV is detector diode
| internal videc resistance in ohms, Py is signal power input in ,W
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and Vo is detected signal output in mV., A lossless return path
is assumed to exist for the video through the RF source.

Converting to decibels and standardizing units with a
50-ohm input, Equation (1) becomes:

R
-3 0
20 log,n Ven = 20 log,,% (10 “)+20 log
10 "SO 10 10 R +E;
Vs1? °
—=——_ from which
S0 R
0

VSO = 20 10g103+20 loglo R?)*‘_R; +2VSI-94 dBuV (2)

+ 20 log10

where VSO and VSI are in dBuV.

There are two noise sources associated with VNO: thermal
noise in RO, and shot and flicker noise in RV‘ Since RO must be
small in comparison to RV in order to realize the wide bandwidth
required by an average-responding detector, RO will determine the
source resistance seen by the video amplifier and the noise voltage,
€Rr0’ contributed by RO and the video amplifier will be:

eno = VIKTBRSF (3)

where 4kTBO is the thermal noise power generated in output bandwidth
By and F is the noise figure of the output video amplifier.

The diode video resistance, RV’ contributes both shot
noise which has a flat frequency characteristic and excess flicker
noise which has a 1/f characteristic. There is also some thermal
noise in the connection resistance component of Ry » but this is
generally negligible in comparison with shot and flicker noise in
the barrier resistance. Since the detector must operate down to
DC, flicker noise is important in this application. Fortunately,
detector diodes for doppler radar must operate at low video fre-
quencies so considerable attention has been paid to controlling
flicker noise in recently developed (iodes. The noise voltage,
ey’ contributed by Rv will be:

epy = AKTBR T, (4

where tyq is the diode noise temperature ratio. It is interesting
to note that tq can be less than unity for Schottky diodes in the
absence of flicker noise (i.e., at high video frequencies).1

1. A. M. Cowley and H. 0. Sorensen: "Quantitative Comparison of Solid-State
Microwave Devices." IEEE Transaction on MIT, Vol. 14, No. 12, December 1966.
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The RMS sum of €Rr0

from the equivalent circuit in Figure 1 is:

2 2
v 2 . [roty eRVRO]

+

NO 'Ry | [Ro*Ry

and epy 3t the video amplifier input

2 2
o /AKTB (R,R,“F+R R, t )
NO
Ro*Ry
2/R E;
) 0 /kTBO(RVF+ROtd) -
- 2
Ro*Ry
Converting to decibel notation:
ZJRORV
Vyn = 20 1log + 10 log,  kTB,  +121log,  (";F+R.t ) (6)
NO 10 RO+E; 10 0 100"V 0°d
For tangential sensitivity VSI = TSs and
R0
= A - M
2T (’:3 +8)-20 log,, 20 log,, ﬁg:ﬁ; + 94
2RoRy
= ————— +
102 + 20 logyg O+RV + 10 loglokTBO 1010g10(RVF+ROtd)
RO
- 2 - —
20 log10 ¥y -20 loglo IR
0 v
RVZF R, "10 logy( 7 +Cp dBLV -y
T o = 12.1+5log, (B, +51og,, g Y
where C. is an RF input frequency correction factor in dB.

H
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C"‘D €Rv R0

Rg = diode connection resistance
Rg = diode barrier resistance

Cg = diode barrier capacitance

Rg = video amplifier input resistance
epy = diode noise voltage

epo = video amplifier equivalent input noise voltage

Figure 1. Detector Equivalent Circuit.
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Selecting the Hewlett-Packard 5082-2824 diode for use
below 1 GHz because of its low flicker noise and high reverse
voltage rating provides values of R, = 1500 ohms and @ = 6 mV/ ¥
for band 1 and 2 of the Wideband Measurement system hypothesi:ced
in the previous Quarterly Report. Selecting the 5082-2755 diode
for use above 1 GHz because of its wide frequency response pro-
vides values of Rv = 1500 ohms and 7 = 5 mV/uW for Bands 3
through 5.

Values of diode temperature ratio, td’ were obtained by
replotting catalog data provided by Hewlett-Packard and extrap-
olating down to the low video frequencies required by the Wideband
Measurement System as shown in Figure 2. The extrapolation
assumes that flicker noise power increases inversely with fre-
quency in accordance with the relationship

fV
Aty = 1+ rN (8)

0
where f, is the flicker noise corner frequency (3 dB point on
excess noise curve) and fo is the incremental video output fre-
quency. Integrating Lty between the lower edge, f;, and the upper
edge, fU’ of the video output bandwidth, By. results in the
following expression for the effective noise temperature ratio,

ty within the output bandwidth:

£y
( (1 + f”) df
ty = ?5 0
£ )
rf U
- i U dfo + fw( dfO
| N
I £
23 L
9




‘setyd vz ‘0,47 ‘OSION Jo3ND11: dpoi o ounidry

73} ‘Aouonboury)
Wl Y001 A1 Al 00l

_ R ‘ Ct b
L Ny RN _
! 'L\ oors zm

1 1°0
ot-

<
—
=

=

) G e
4
'

—

1

\¢<N®N-Nw=m dh

ot

4Igp ‘9sToN §595X3 3/1

o L , IR RS
| o N ] s
— N e
o W TN =
_ | M N | NG |
~. A, _w 4\,%//‘ J/ H...l'

: - T
o€
% p”-‘mj// . puumnmr
: A N R

ST AT —T———"

U S

0s

10




tg = fy - fL+ fN ln(fU/fL)

B = f - f

BO
= B+ f.\' 1n(?z + 1) (9)

t4 0

From Figure 2, the flicker noise corner frequency for
the HP 5082-2755 diode is 2.4 kHz, and for the HP 5082-28214
diode is 400 Hz. The effective noise temperature ratio for the
latter diode used in Band 1 of the hypothetical Broadband Measure-
ment System is thus:

BO
ty = BO + fN ln(?z + 1)
50
= 50 + 400 ln(—T + 1)
= 1623
td = 32.1 dB
Values of ty for the various bands in the hypothetical Broadband
Measurement System are listed in Table 1.

b el
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Table 1.

Diode Noise Temperature Ratios For Hewlett-Packard 5082-2755 Diode

Video Qutput Diode Noise
Band Frequency Bandwidth, B0 Corner, €N

1 10kHz-100MH2z S0H2 2400H2
2 100-1000MHz 5.5 2400

; 3 1-4GHz 1.7 2400

f 4 4-7 1.7 2400
5 7-10 1.7 2400

Diode Temperature
Ratio, ty

39.8 d8
36.5
33.8
33.8
33.8

Diode Noise Temperature Ratios for Hewlett-Packard 5082-2824 Diode

Video Output Diode Noise

Diode Temperature

Band Frequency Bandwidth, 80 Corner, fN Ratio, ty
1 10kHz-100MHz 50Kz 400Kz 32.1dB
2 100-1000MHz 5.5 400 28.8
3 1-4 GHz 1.7 400 26.0
4 4-7 1.7 400 26.0
] 5 7-10 1.7 400 26.0
[
]
12




Although the output of the detector will be DC coupled,
fL has been taken as 1 Hz in the above calculation so that the
results will be determinate. A value of fL = 0 leads to a pre-
diction of infinite noise near DC which does not agree with
reality. A value of fL = 1 Hz assumes that the flicker noise
contribution below 1 Hz will be negligible. Because the hypo-
thetical Broadband Measurement System operates with video output
bandwidths of only a few hertz, the accuracy of this assumption is
fairly critical and should be the subject of further study.

A correction, Cf, for the falloff in Tss at high micro-
wave frequencies due to junction capacitance effects was obtained
from Hewlett-Packard catalog data, extrapolating where necessary.”

The tangential sensitivity for Band 1 was calculated
using Equation (7) as:

~F
Ro

,
12.1 + 5 log;, 50 + 5 10810[1300 2 . 1500(16234

- 10 10g106 + 0

+ R

-3
(]

ss 12.1 + 5 logIOBO + 5 log10 th 10 logl@* Cf

12.1 + 8.5 + 32,0 - 7.8 + 0

44.8 dBuV

Examination of the third term in the above equation discloses
that diode flicker noise is 27 times amplifier input noise. A
considerable improvement in TsS could be realized if flicker
noise could be reduced by reducing bias current, but the increase
in RV accompanying the decrease in bias current results in a net
loss in Tss' Calculated values of Tss are listed for the two
diodes in Table 2.

2. "Diode and Transistor Designer's Catalog'" Hewlett-Packard
Components, 1980, p. 110.
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Table 2.

Calculated Tangential Sensitivity

For Hewlett-Packard 5082-2755 Diode

Band Frequency Eg 3 fg Eﬁ Voltage 2 Wattage
1 10kHz-100MHz 50Hz S5uV/uW 39.8d8 0dB 49.44dBuV -57.6dBm
2 100-1000MHz 5.5 5 36.5 0 43.0 -64.0
3* 1-4 GHz 1.7 5 33.8 0 39.1 -67.9
4*  4-7 GHz 1.7 5 33.8 1 40.1 -t6.9
5% 7-10 GHz 1.7 5 33.8 3 42.1 -64.9

For Hewlett-Packard 5082-2824 Diode

Band Frequency Eg 3 fg Eﬁ yglgggg'Tss Wattage

] 1*  10kHz-100MHz 50Hz 6mV/uW 32.7dB 0dB 44 .8dBuV -62.2dBm
2* 100-1000MHz 5.5 6 28.8 1.3 39.8 -67.2
3 1-4GHz 1.7 6 26,0 5.2 39.9 -67.1
4 4-7GHz 1.7 6 26.0 9.1 43.8 -63.2
5 7-10GHz 1.7 6 26.0 13.0 47.7 -59.3

*Selected for use in the Broadband Measurement System

14




The detector diodes used in the above calculations
were assumed to be biased with 20uA of DC current to achieve the
results indicated. This bias current is optimum for operation at
an RF input frequency of 10 GH:z. More complete data3 indicates
that flicker noise corner frequency varies directly with bias
current and shot noise increases with bias current. A few dB
L improvement over the Tss values in Table I is probably possible
by optimizing bias current for each band, instead of using a
fixed value of 20yuA.

Schottky diodes intended for zero-bias operation are
also available from Hewlett-Packard, but no noise data is presented
in the catalog. Elimination of bias current should eliminate
flicker noise and greatly improve Tss for DC-coupled detectors.
Unfortunately, video resistances tend to be much higher than for
biased diodes, although the 2000-8000 ohms shown for some newer
types is a considerable improvement over early types that had video
resistances on the order of a megohn. Tanzenrtial sensitivities
and voltage sensitivities for the new diodes are quite good,
coming within a couple of dB of biased diodes. Very low reverse

breakdown voltages, on the order of 0.2 volt, tend to prevent
their application in systems requiring wide dynamic range as are
being analy:zed here.

5. Application Note 923, Hewlett-Packard.

15




b) Dyvnamic Range Improvement

The calculated tangential sensitivity (Tss) values
are a considerable improvement over the nominal
Assuming that the system can

listed in Table 2
value of -55 dBm used previously.
achieve a satisfactory false alarm rate (a false alarm would be a
tripping of the go/no-go indicator in the absense of emissions
above the new specification limits) with input levels equal to Tss’
optimum use can be made of the improvement by changing the RF
amplifier gains in the hypothetical Broadband Measurement System
so that narrowband signals at the new specification limits
(Hypothetical Broadband Measurement Specification, First Cut,

Figure 6 of second Quarterly Report) reach the detectors at

levels just equal to Tss' The required gains, calculated as TSS

- (Specification Limit Field Strength in dBuV/m) + (Antenna

Factor in dB/m), are listed in Table 3 over the frequency range

of interest. The new choice of amplifiers is shown in Table 4.

The gains selected, which come as close as possible to the required
values with commerical amplifiers meeting the requirenents for

frequency coverage and power output, are considerably reduced

from those used in the first-cut system. RF amplifier noise

figure is now of secondary importance because the new specification
limits are substantially above the system noise floor. Because

RF amplifier gains are no longer sufficient to raise RF input

noise up to the detector thresholds, the system sensitivity is

now detector/video-amplifier noise limited.

The improved dynamic ranges and the data used in their
calculation are listed for each band in Table 5. Starting with
the voltages proluced at the terminals of artennas immersed in
narrowband (CW) fields at the new specification limits, the RF
amplifier gains were added and then attenuated until the detector
The dynamic ranges for CW were calcu-

inputs just equaled Tss
from the RF amplifier (saturation) or

lated by subtracting TSs
detector (voltage breakdown) overload point, whichever was lower.

16




Table 3. CW Input Levels At Hypothetical Specificaion Limit

Narrowband
Spec. Limit
Field Antenna CW Ant. Detector
Band Freauency Strength Factor Qutput Tss Gain Required ;
i
1 10kHz 30dBuV/m 6dB/m 24dByuV 44.8dBuV  20.8d8B
10MHz 30 6 24 44.8 20.8
100 30 8 22 44.8 20.8
2 100MHz 30 8 22 39.8 17.8
150 33 5 28 39.8 11.8
200 36 8 28 39.8 11.8
400 42 14 28 39.8 11.8
800 48 20 28 39.8 11.8
1000 50 22 28 39.8 11.8
3 1GHz 50 26 24 39.1 15.1
4 62 39 23 39.1 16.1
4 4 62 39 23 39.1 16.1
7 67 44 23 40.1 17.1
5 7 67 44 23 40.1 171
; 10 70 47 23 421 19.1
A
.
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Table 4.

Wideband Amplifier Characteristics

alinial

+ 1dB Frequency Noise Power Total
Band Manufacturer Model Response Gain _ Figure OQutput Gain
1 Avantek UA-303(2) .002-300 MHz 7x2 dB 9 dB 12 dBm
1 Avantek UA-304 .002-300 7 11 17 21 dB
2 Avantek UA-405 20~1000 11 10 20
2 Avantek UA-408 160-1000 9 12 26 20
3 Avantek AMG-4053  1-4 GHz 25 4.8 15 2
4 Avantek AMT-8053 4-8 19 6.0 20 19
5 Avantek AMT-12033 7-12 22 5.5 15 22
[
A
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For most bands, the RF amplifier overloads first and the attenuation

was placed at the amplifier inputs. (Output attentuation is to be

preferred over input attenuation because the latter increases system

noise figure. However, output attentuation below the detector
overload point reduces dynamic range and thus should not be used
as long as the system is not input-noise limited.}

For impulses, the CW specification Limit Detector Input
was increased by r = 20dB and by 20 log10 of the RF bandwidth to
obtain the Impulse Specification Limit Detector Input. This was
then subtracted from the RF amplifier or detetor overload point,
whichever was lower, to obtain the Impulse Dynamic Range. Note
that workable positive values now exist for Bands 1 and 2, and
that these are relative to the new First Cut Specification Limits
and not just to svstem sensitivity, as were the dynamic range
figures in the second Quarterly Report.

The system CW sensitivity should now be checked. If
the newly selected amplifiers have too high a noise figure, or
if too much attenuation was used, the detected svstem noise
might exceed the detected specification limit (threshold) antenna
output and the system would not work.

The overall noise figure, F, for a system made up of
several stages having individual noise figures, Fn’ and individual
gains, G , is given by

F + + PO

1'1 G

r\z(Fz“l) AS(‘FS’l) A (F_-1)

F=A (10)

1 SR GGG

where A, is the attenuation, if any, preceeding a particular
amplifier stage. Note that attenuation following the last stage
has no effect on noise figsure.
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The Band 1 antenna was assumed to have an overall noise
figure of 16.4 dB including a 5 dB noise figure preamplifier. The
newly selected preamplifier from Table 4 has a noise figure of
9 dB instead of 5 dB. Using the above equation, the noise figure
of this antenna alone is:

GlF-A2F2+1

46,

1(1og10-1 16.4/10) - 1(1og10-1 5/10) + 1
(1)

43.6 - 3.2 + 1
= 41.4
F; = 16.2 dB

The overall Band 1 (A1 = A, = A, = A

w
=
i
—
A
=
o]
e
w
o
H
[N
uQ
=t
—
o
[N
w

17§ GG, G 0,04
e 411 4 7941, 7.94-1  12.6-1
1 D N

= 53.9

(92}

F = 17.3 dB

The new noise figures for the various bands are shown in Table 6.
21
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From Equation (9) of the second Nuarterly Report,
the peak narrowband input required for peak signal equal to peak
noise in the output of the detector is:

r - - - 2 . %\
VSI = -0.4 + F +5 loglo(ZBOBI BO ) "dBul (11)
For Band 1:
- 7 =z b} -6 -6,2.
VSI = -0.4 + 17,3 + 5 loglo[-(SOxlo Y(100)-(50x10 ")~
= -0.4 +17.3 - 10.0
7 = I
\/SI 6.9 dBuV

which is considerably more sensitivity than is needed to detect
the 24 dBy'Y output of the antenna when operating in a field equal
to the new Specification Limit. The sensitivities that could be
possible with the noise figures calculated above are listed in
Table 6. Most of the excess sensitivity has now been sacrificed
in the interest of dynamic range by reducing RF gain to the point
where an input equal to the possible sensitivity will not reach
the detector threshold, but neither will system inpnt noise. If

sufficient gain were added to bring V., up to Tss’ there would

be a RF noise safety margin for Band ?Iof 24 - 6.9 = 17.1 dB.
Without the extra (excess) gain, the RF noise safety margin is
doubled to 33.2 dB. The RF noise margins for the various bands
are quite adequate, as shown in Table 6. (If more margin were
needed, the attenuation could be partially apportioned between
the various stages to lower the system noise figure somewhat
without sacrificing dynamic range, or special amplifiers could be

specified with exactly the right gains.)
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The dynamic ranges shown in Table S are adequate for
realistic operation of the system in Bands 1 and 2, i.e., up to
1 GHz. Above 1 GH:z narrowband operation is satisfactory but
truly broadband worst-case impulse signals will cause saturation
before their presence is indicated on the output indicators.

There are several possible approaches to the wideband interference

measurement problem above 1 GHz;

a. MIL-STD-461 has not previously been applied to
broadband interference above 1 GHz. It could
continue to be ignored. However, the Broadband

Measurement System cannot at present differ-
entiate between broadband and narrowband inter-
ference and the equipment saturation point will
have to be standardized if consistent measurements
are to be made with various realizations of the

Broadband Measurement System.

b. The RF bandwidth could be reduced above 1 GH:.
A nominal 10 dB improvement is required which will
need a reduction of log10'1(10/20)=3.16 in impulse

] bandwidth. Going to 1 GH:z bandwidths above 1 GH:
would marginally cure the problem but would require
11 bands for complete coverage. (2 bands below 1 GH:
and 9 bands above 1 GH:)

c. The inpulse/CW response ratio, r could be reduced
from 20 dB to 10 dB. This would bring the new
specification limits closer together than present

MIL-STD-461 and cause concept acceptance difficulties.

For the present, it will be assumed that approach a. is viable.
There is little likelihood that coherent interference occupying
over a gigahert:z of bandwidth at frequencies between 1 and 10 GH:
will be significant. The system has marginally sufficient
dynamic range to handle coherent broadband emissions occupying

up to 1 GH:z of bandwidth.




c) Broadband Measurement System, Second Cut

The preceeding sections outline some fairly significant
changes in the hypothetical Broadband Measurement System since
the initial design in the second Quarterly Report. Detector
sensitivity has been improved through use of state-of-the-art
detector diodes and the design concept has shifted from RF-input-
noise-limited operation to detector-output-noise-limited operation
in order to maximi:ze dynamic range. As a result, a new RF
amplifier lineup has been chosen with lower gain. These changes
and more have been incorporated into the Second-Cut Block Diagram
in Figure 3.

The antennas are unchanged. Single-pole, double throw
(SPDT) solid-state RF switches have been added between the antennas
and the RF amplifiers to connect a Ci calibrator. The
original amplifiers have been replaced with the amplifiers listed
in Table 4. Full-wave biased detectors that will have to be
custom built using state-of-the-art diodes replace the off-the-
shelf coaxial detector assemblies previously used. A sample-and-
hold circuit with analog-to-digital (A/D) converter and digital
signal processing in a microcomputer replaces the earlier analog
peak detector.

All of the blocks in Figure 3 appear to be readily
realizable. The CW calibrator can be a pair of Avantek VTO0-8240
voltage-tuned oscillators hetrodyned together in the 2.2 to 3.7 GH:
range to produce signals in each band under frequency control of
the microcomputer. A specific manufacturer has not been identified
for the 14 kHz to 100 MH:z RF switch but the requirements appear to
be suited to field-effect-transistor (FET) switch technology. The
video filters present some problems in that a filter having a DC to
3 GHz input and a low-pass output of a few hert: is unusual. The
main requirement is that the filter must present a well-matched
S0-ohm input to all frequencies from DC to 3 GHz without spurious
responses. The filter sharpness is not critical as long as the
impulse bandwidth is controlled. The filter should be reali:zable
using microwave-tvpe low-pass components to avoid parasitic
reactances.
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Automatic calibration would occur every few seconds.
The rate should be low enough that the ratio of measurement time
to calibration time is alrge. The microcomputer would first
switch the RF inputs to the calibrator and make system noise
measurements on every band. CW signals at levels corresponding
to the new specification limits would then be sent to each of the

inputs and the output from each band measured and stored sequen-
tially. Comparison of the stored calibration levels (S+#N) with
the noise measurements (N) would be used as an indication of
proper system operation since S+N should be greater than N alone.
The switches would then reconnect the antennas. Incoming signals
would then be compared with the stored calibration levels, the
differences in dB computed and displaved, and the no-go light
turned on if the levels exceed the limits.

(2]
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2) Experimental Verification

Several curves were obtained experimentally using an
unbiased Hewlett-Packard 420B Coaxial Crystal Detector to verify
the equations developed in the second Quarterly Report. The
detector uses a negative-polarity point-contact diode. Although
frequency response is rated as *#3.5 dB from 0.01 to 12.3 GH:,
the only limit on low frequency response is RF leakage through
the video connector and the experiments were successfully carried
out at frequencies below 1 MHz using external filters. \oltage
sensitivity (3) is rated as 0.1 mV/LW.

a) Detector Conversion Response

The crystal detector was set up with adjustabie filters
initially set to provide a 100 kHz to 1 MH: pre-detection filter
and a DC to 100 kHz post detection filter as shown in Figure 4.

The input was then driven in turn from a CW generator, a noise
source and an impulse generator. Amplifiers were used as necessary
to bring the drive levels up into the operating range of the
crystal detector.

Curves obtained by varving the peak input level and
measuring the peak output level are shown in Figure 5. These
curves have been termed Detector Cunversion Response curves
because the presence of the detector is necessary to convert
energy input above 100 kH: to energy output below 100 kHz. Note
that CW, which is unaffected by bandwidth ratios, has the highest
output. Noise, whose power is affected by the bandwidth ratio,
has the next highest output. Impulses, for which both power and
peak voltage are affected by the bandwidth ratio, has the lowest
output.

Using the equations developed in the second Quarterly
Report for the transfer of energy through a square-law detector,

v b(/T 1B, )" v, 12
10 . ! = b |1 12y
Voo “ T T v -
SO Vg L's1]
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where VIO is the peak impulse voltage output, VSO is the peak CW
signal voltage output, I is the RMS impulse voltage input per unit
bandwidth, By is the input bandwidth, Veor is the peak CW signal
voltage input, Vit is the peak impulse voltage input and

2
2B.B.-B
Sl 1)
B

where B, is the output bandwidth.

Equation (12) can be generalized to an nth-law detector
by replacing the exponent to obtain:

v v, "
10 [II}
7— =blg— (14)
so  ['si]

Replacing the impulse with noise, Equation (14) becomes:
Vso Vs1

The above equations are purposely kept in the form of
ratios so that many of the system constants, such as the detector
voltage sensitivity, will cancel and not require evaluation.
Reasoning along the same line, use of these ratios in the
hypothetical Broadband Measurement System reduces the effects of
hardware variables. The equations assume that peak voltage input
translates simply to peak voltage output which, as will be seen
later, causes errors in constants which, while significant,
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can be removed by calibration. Converting to decibel relation-
ships, Equations (14) and (15) become:

VV

20 log,, Vé% = 20 logjg b *+ n (V[ -Vgp) dB (16)
and
v
NO . -
20 logyg vga = 10 log10 b + n(&NI-VSI) dB (17) i

where the voltage inputs are in peak dBuV.

For the experimental system used to obtain the data for
Figure 5, BO = 0.1 MHz and BI = 0.9 MHz (nominal 3 dB bandwidths
because more exact impulse bandwidths are not available) giving

the following value for the bandwidth ratio from Equation (13):

. 200.1)(0.9)-(0.1)°
(0.9)°
= 0.210
10 loglob = -6.8 dB
20 log, b = -13.6 dB

The detector response law, n, can be obtained from the
slope of the curves in Figure 5 as 1.55. Substituting these
values into Equation (16) gives the following expression for the
impulse-to-CW response ratio:

V'

I
S

o

20 10310

J

= -13.6 + 1.55(V  -Vs;) dB (18)

(92 ]
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rFor equal inputs, Equation (18) predicts an impulse-to-CW output
ratio of -13.6 dB. This compares favorably with the values of -12to
-14 dB obtained from the experimental data plotted in Figure 5 by
scaling the vertical separation between the impulse and CW response
curves. Values for several calculated and measured ratios are
compared in Table 7. Good correlation between calculated and
measured values are shown for the 1.55-law detector. The square-
law assumption, shown for comparison, entails large errors.

Substituting values intc Equation (17) provides the
following expression for the noise-to-CW response ratio:

20 108,y o = -6.8 + 1.55(Vy -

dB (19)
Vso

Vs1)
For equal inputs, Equation (19) predicts an output ratio of

-6.8 dB which, when compared with the experimental value of

-2.7 dB shows a rather significant 4.1 dB difference. The error
is consistant over a range of input ratios as can be seen in

Table 8, indicating that the detector response law is correct but
that the constant is off. That these simplistic general equations
predict results that are confirmed as closely as thev are by
measurements on an arbitrary experimental system is a tribute to
the power of ratios.

For more exact results, the equations require some
modification to apply to the experimental setup. Referring to
Figure 4, the detector was operated into a 50-ohm video load.

It was verified experimentally that at this low load resistance,
the output of the detector was a half-wave rectified replica of
the input waveform distorted only by the detector response law

for all frequencies of interest here (i.e., no peak storage
effects occurred in the output bypass capcitor.) The detector
output, when passed through the DC to 100 kH:z output low-pass
filter, thus contains the average value as a DC component with
whatever detected AC components will pass through the filter
riding on it (i.e., the detector opcrates as an average detector.)

w
(73]
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Table 7.

Impulse/CW Detection Conversion Response

Measured Calculated VIO/VSO
YII-VSI VIO/VSO Square-Law Error 1.55 Law Error
0 d8 -12 dB -13.6 dB -1.6 dB -13.6 dB -1.6 dB
8 0 2.4 2.4 - 1.2 -1.2
16 12 18.4 6.4 11.2 -0.38
20 19 26.4 7.4 17.4 -1.6
24 25 34.4 9.4 23.6 -1.4
Table %,

Noise/CW Detector Conversion Response

Measured Calculated*
VNI/VSI VNO/VSO VNO/VSO Error
0 dB - 2.7 dB - 6.8 dB - 4.1 dB
8 9.6 5.6 - 4.0
16 22,0 18.0 - 4.0
20 28.0 24.2 - 3.8
24 34.4 30.4 - 4.0

* For 1,55-Law Detector Using Equation (19)
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(1) CW Detailed Analysis

For a

CW input of VSI = A sin ~t, the output of a

square-law detector before filtering is:

Vgo =

where TS is the
sinewave, and C

-

CVsr

2 .2
CA” sin™ ..t

o) 5
CA” sin” 27t (20)
Is

period and A is the peak voltage of the input

is a detector sensitivity constant. The area

under the half-wave rectified detector output when plotted

against time, t,

Area

The area divided

will be:
TS/Z
9 9 I
(A' sin” (223) dt
J T
Q s

AZ [(TS/4)-(Sin 27)/(81/TS)

-0 + (sin O)/(SH/TS)]

ro

S bl
—-— (21

by TS is the average, or DC, value of V Thus:

SO°

CTSA"
VSOTs * 3
cA>
Y = = 22
SO 1
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and the CW output from the experimental detector after filtering
should be one-quarter of the peak input when adjusted for
detector sensitivity.

Thus, for an nth-law detector:

n -
23

Ven = 0.25C Vor (23)

SO
Use of a detector response law other than 2 (i.e., square-law)
will have an effect on the average value by changing the ex-
ponents used in Equation (20) from 2 to n, but this makes inte-
gration difficult. The effect should be small since VSO only
changes from A2/4 to A/7 if the exponents are taken all the way
to unity, representing a maximum possible change in V of

-2.1 dB.

SO

(2) Impulse Detailed Analysis

The impulse spectrum consists of a series of equal
amplitude sine waves (Fourier Components) spaced at the impulse
repetition frequency across the input bandwidth. Thus for the
experimental setup which used an impulse generator synchronized to
the power line, sine wave components were spaced every 60 Hz over
the input bandwidth from 0.1 to 1.0 MHz. 1If it is assumed that
each of these sine-wave components is half-wave rectified to
produce average values (which add algebraically to produce the

instantaneous impulse output) in the same manner as for CW, then it
follows that the peak impulse input voltage will be related to

the peak impulse output voltage by the same ratio as peak CW

input is related to peak CW output. (For CW, the peak and average
output values are synonymous with the DC component after filtering.)
The experimental data bear out this assumption. Thus:

= 0,25Ch V., " (24

V1o I1




(3 Noise Detailed Analysis

For noise, the detector averages the output much the
same as for CW except that some detected AC noise appears in the
output along with the DC component. When the output bandwidth,
BO, is small in comparison with the input bandwidth, BI’ as it
was in the experimental setup, the AC component will be small in
comparison to the DC component in the video filter output, and
only the DC component will remain as the output bandwidth

approaches zero.

Comparison of peak values of noise observed on the
oscilloscope with RMS values measured on a true-RMS voltmeter
during the experimental measurements indicated that a peak-to-RMS
ratio (peak factor) of 3 would include nearly all of the observed
peaks both before and after the detector. The noise distribution
before the detector would be expected to be Gaussian, for which
a peak factor of 3 has a probability of being exceeded 0.1 percent
of the time.4 The noise distribution after a linear detector would
be expected to be Rayleigh, for which a peak factor of 3 has a
probability of being exceeded 0.01 percent of the time (See
Section 3b of the second Quarterly Report.) The measurement
technique should measure peak amplitudes corresponding to constant
probability with the result that a lower peak factor would be
expected after the detector than before. The apparent discrepancy
is the result of the greater than unity detector response law
(1.55 in the experimental setup) which tends to increase the peak
factor in the output over that which would exist if the response
law were unity.

4. Bennett: "Electrical Noise:, McGraw-Hill, 1960, p. 44.




From Section 3b of the second Quarterly Report, the
noise power in the detector output is:

P, = b(CNBI)2 (25)

NO
where b is given by Equation (13) and N i; the noise power per unit
bandwidth at the input. Converting from noise power to noise
voltage in a system with the same impedances as used previously

for CW and impulses, the peak noise output voltage is:

5
VNO = C »G'VNI (26)

where Vi1 is the peak noise input voltage. Generalizing to an
nth-law detector. Equation (26) becomes:

. - — n -
VNO = C b VNI (27)

where n is the detector response law.

Assuming a linear envelope detector and that VVO has a
Rayleigh distribution, the average, or DC, component in the
detector output is:1

VNO/DC = Vi/Z o (28)

where o is the RMS value of the input noise voltage. The RMS
value of VVO for an envelope detector before filtering is v2Zo,
which includes both DC and AC components. The RMS AC component
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before filtering can be obtained by subracting the square of the

DC component (proportional to DC power) from the square of the
total (proportional to total power) and taking the square root as
V2-(1i/2)o. The effect of filtering can then be obtained by
multiplying by the square root of the bandwidth ratio, b, and
the measured output peak factor, FPO’ to obtain:

Vyosac = Fpo7®le-(172) 1o (=9)

However, the experimental detector is not a linear
envelope detector, but is instead an nth-law average detector.
Taking the envelope versus average detector problem first, an
envelope detector assumes peak detection with storage between
peaks so that the envelope has a higher RMS value than the
original wave. This is reflected in the usual notation for the
Rayleigh distribution by the RMS value of the distribution being
vZ times the RMS value of the input waveform, o. The peak-to-RMS
ratio for a sine wave is also /2. For an average detector, the
output is still proportional to the envelope of the input wave-
form, but is attenuated to reflect the average value instead of
the peak value. Assuming that noise behaves in the detector much
like a sine wave of equal RMS value, the derivation of Equation
(23) would be expected to apply with the result that:

T Vg n
g = 0,25C —F——A—- (30)
P1
where VNI/FPI is the RMS value of the input noise which, when

multiplied by /Z, results in the peak value of the equivalent
sine wave.

The peak noise voltage at the detector output after
filtering is the algebraic sum of the DC and peak AC components:




Vvo ® Vyoroe * Vvosac
= N7 o + FPO VBT 2-(/2)) o
&V\JI n
= . - N/ a FALE QY AF4
0.25C Fp[ (V“77 + FPO T2 2n) (31)

Equation (31), by making use of the concept of an
equivalent sine wave, avoids the messy problem of modifving the
Rayleigh distribution to take into account the actual detector
characteristics. Bracewell® states that the output
envelope from a square-law detector with Gaussian input has a
truncated exponential distribution, which is a considerable
change from Rayleigh. The envelope from an nth-power law
detector would supposidly have somewhere between a Rayleigh and a
truncated exponential distribution. In spite of the approximations
involved, the equations in this Section agree well with the limited
experimental data available.

5. R. Bracewell "The Fourier Transform and Its Applications"
McGraw-Hill, 1965, p. 337,
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(3 Revised Detector Conversion Response Predictions

The significance of the 4.1 dB difference between the
values of detector conversion response calculated using Equation
(15) and the experimentally measured values is now apparent.
Equation (15) ignores the DC component which results when noise,
or any other signal with significant energy density over time,
is rectified. The revised expression for the noise-to-CW response
ratio is obtained from Equations (23) and 31) as:

Vv /Z'V n
NO NI —
Tso T [Fersr) T Teo ST 3

where the two terms in parenthesis are the DC and AC output noise
components, respectively. Converting to decibel relationships:

1%

20 log, V?% = 20 log,q (/72T + Fro AT 720

2 . e ) . )
from which * n (20 log)/2-20 log Vi -20 log;nVgy-20 logyoFpy)

v
20 logy, V§§ = 20 log,,(1.253+F,,v737TB)

where VNI and VSI are in peak dBuV.

For the experimental setup:

72 = 20 log,((1.253 + 3/ TI9(0.710)

+ 1.55(3.0'20 loglo 3+V'\}I_\YSI)

= 20 10g10(1.253 + 0.900)+1.55(3.0~9.S+VxI-VSI)

= 6.7 + 4.6 - 14.7 + 1'SS(VVI'V ]

SI

= -3.4 + I'SS(VVI_VSI) dB (34)
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For equal peak noise and peak CW input, Equation (34)
predicts an output response ratio of -3.4 dB which compares
favorably with the measured value of -2.7 4dB. A comparison of
several measured and calculated values is shown in Table ©.

The agreement is now quite close throughout the range.

The ratio of DC-to-AC noise output components predicted
by Equation (31) is also in reasonable agreement with experimental
values. This ratio can be evaluated using values from the first
term of Equation (34) as 1.253/0.900 = 1.392. During the measure-
ments, a typical composite peak noise output reading of 0.18 volts
was noted to drop to 0.10 volt DPC when the output low-pass filter
cutoff frequency was reduced from 100 kHz to 20 Hz. This indi-
cates that, of the 0.18 volts composite peak output, 0.10 volt
was DC and 0.08 volt was peak AC, for a ratio of 0.10/0.08 = 1.3,
Similar ratios were obtained at other output levels.

The impulse-to-CW response ratio remains unchanged by
the detailed analysis. However, the same problem exists as existed
for the noise-to-CW response ratio in that the DC component is
ignored by Equation (3). This will not cause a problem as long as
the impulse repetition rates are small in comparison with the
output bandwidth so that the effect of one impulse has died out
before another occurs. Faster impulse repetition rates and
smaller output bandwidths will eventually entail generation of
a significant DC component. The additional output will increase
the sensitivity to repetitive broadband emissions and have to be
recognized as equivalent to a reduction in specification limits
for repetitive as opposed to singular broadband events when
writing the Broadband Measurement Specification for use with the
Broadband Measurements System. This can best be handled by having
the broadband limit apply to single impulse events and the narrow-
band limit apply to CW with the understanding that evervthing
else will fall into place.
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Table 9.
Revised Noise/CW Detector Conversion Response
Measured Calculated*
Vyr/Vst Yxo'Vso Vyo’Vso Error
0 db - 2.7 dB - 3.4 dB - 0.7 4B
8 9.6 9.0 - 0.6
16 22.0 21.4% - 0.6
20 28.0 27.6 - 0.4
24 34.4 33.8 - 0.6
* For 1.55-Law Detector using Equation (34).
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b) Bandwidth Factors

Referring to the experimental measurement system block
diagram in Figure 4, both the pre-detection and post-detection
filter: were variable. Measuremcnts were made as the filters
were varied with both noise and impulses as inputs. While
measurements were not actually made of the effect of bandwidth
on CW because the data would be trivial, CW was used as a cali-
brating signal and to obtain frequency response curves.

Throughout the experimental data, the cutoff frequencies
recorded are the settings of the Krohn-Hite filter dials with the
filters set for '"flat response' as opposed to "RC response', and
are nominal 3 dB values. The pre-detection filter had rated
high-pass and low-pass slopes of 21 dB/octave. The post-detection
filter had two low-pass sections rated 24 dB/octave synchronously
tuned to give an overall slope of 48 dB/octave. The impulse
bandwidths were not measured and, in the calculations, are
assumed to be the same as the nominal bandwidths. Impulse band-
widths are normally somewhat wider than 3 dB bandwidths, but since
bandwidths are used in ratio in most of the calculations, the
error should be within experimental accuracy.

(1) Effect of Bandwidth on Noise

A plot of the effects of varying band: idths on white
noise is shown in Figure 6. The pre-detection bandwidth was
left fixed at 900 kil while the post-detection bandwidth was
varied from 100 kHz down to 20 H:z to obtain the Post-Detection
Filter curves on the left. The post-detection low-pass filter
was set to 100 kHz, and the pre-detection low-pass filter varied
from 1.0 MHz down to 150 kHz to obtain the Pre-Detection Filter
curves on the right.

Two curves were obtained as the result of varying the
post-detection low-pass filter bandwidth. The first was measured
on a DC-coupled oscilloscope and represents the peak value of the
composite AC and DC components. The second represents the peak
AC component alone, and was measured with an AC-responding
true-RMS voltmeter. The RMS readings were converted to peak

44




e

before plotting by multiplying by the experimentally determined
output peak factor, FPO’ of 3. The DC component alone was a
constant 100 dBuV (or 0.1 volt) independent of bandwidth.

The ratio of peak AC to DC shown by the Post-Detection
Filter curves is in good agreement with Equation (21) as detailed
in the preceeding subsection. Perhaps even more important,
the slope of the Peak Value of the AC Noise curve is almost exactly
10 dB/decade, which confirms that the peak AC component varies
as vb in agreement with Equation (21) and the derivations in the
previous Quarterly Report which led up to it.

The slope of the Pre-Detection Filter curve for peak
combined noise and DC is also 10 dB/decade, but it is the DC
component that is varying rather than the AC component that had
varied in the Post-Detection Filter curves. The peak AC component
stay constant until the low-pass pre-detection filter stopband
overlaps the high-pass pre-detection filter stopband. This also
is in agreement with the /b term in Equation (31) which requires
that the output AC component decrease with increasing input band-
width by the same amount that the input noise voltage increases
resulting in no net change in the output AC component. The input
noise voltage changes with bandwidth at the rate of 10 dB/decade
because the curves were run with constant input noise power per
unit bandwidth. This is reflected directlv in the predominant
DC component which is unaffected by output bandwidth.

The RF bandpass characteristic of the pre-detection
amplifiers and filter combined is plotted in Figure 6 for
reference. The characteristic reflects an overshoot in the
amplifier gain which occurs just before the gain falls off
rapidly above 2 MHz.
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(2) Effect of Bandwidth on Impulses

The effect of bandwidth on impulses in the experimental
measurement setup is shown in Figure 7. A set of post-detection
filter curves was obtained by setting the pre-detection filter
for a 0.1 to 1.0 MHz passband and varving (ne post-detection

low-pass cutoff frequency from 2 MH: (the maximum capability of
the filter) down to 1 kHz (where the signal disappeared into noise).

Measurements of post-detection-bandwidth effects were
made both with the detector in the circuit and with the detector
H removed, leaving the rest of the svstem unchanged. The curve

obtained without the detector shows direct feedthrough of impulses

changing level at the expected rate of 20 dB/decade in the region
between 0.2 and 1.0 MHz where the passbands of both filters over-
lap. The rolloff in the pre-detection filter just begins to
show up between 1 and 2 MHz. Below 0.2 MH:z, the rolloff due to

the pre-detection filter is quite pronounced and the signal
disappears into noise at about 50 kH:z.

Adding the detector reduces the output level in the
feedthrough region between 0.1 and 1.0 MH: because of the loss
in the detector. However, there is now output below 0.1 MH:
which did not exist without the detector. This graphically

illustrates the concept of detector conversion response in which
a spectrum centered at some high frequency is converted to a
spectrum centered around zero frequency. Interestingly, the
noise was so reduced by the detector that the output with
detector was measureable into noise. Also interestingly, there
is no discontinuity in the output with detector as the output
filter passes out of the feedthrough region. The former
illustrates the signal-to-noise (S/N) improvement in a high-law
detector (an 8 dB S/N output for T, in a square-law detector,
for example, requires an input S/N of only 4 dB.) The latter
implies that direct feedthrough will not interfere with the
measurement of detected impulses,
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The slope of the detected output level versus the
post-detection filter bandwidth is exactly 20 dB/decade. This
agrees nicely with Equation (13) which requires that the impulse
response vary directly with the bandwidth ratio, b.

The remaining curves in Figure 7, illustrating pre-
detection filter effects, caused some consternation when they
were first plotted. These curves were obtained by leaving the
post-detection bandwidth fixed at DC to 10 kH: and varying the
pre-dezection bandwidth. The first curve plotted left the high-
pass cutoff fixed at 100 kHz and varied the low-pass cutoff from
3 MHz down to 100 kHz. The response started dropping off rapidly
somewhat before the lower band edge was reached, but then perhaps
the filter wasn't too accurate. Then the high-pass cutoff was
moved dcwn to 10 kHz and a second curve plotted. This time
there was no question of filter accuracy. The response fell off
almost as fast as before and had dropped into noise long before
the band edge was even approached. Also, the flatness at the
upper ends of the curves was suggestive of saturation, but care
had been exercised to avoid saturation.

The effects noted are a surprisingly illuminating
confirmation of Equation (24). This equation when re-written in
decibel relationships, without the unimportant (here) detector
constant 0.25C, is:

v 20 logy b + 1.55V

10 ~ I1
28 B -B:]
=20 108 |——9—I | +1.55 v (351
10 2 Il
Bo
where VII is the peak impulse input voltage in dBV. Taking a. an
arbitrary input level an impulse signal, I, of [.7 V'Miz in an
input band from 0.10 to 3.00 MH: for which V  =IF =1.7. 5,230-2,1"

Il I
2.%0 volt, a reference output for comparing calculated and

measured data is:
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2(0.01)(2.90)-o.oooﬂ
E J

VIO = 20 loglo [ 7 902

+ 1.55 (20 log10 2.90)
= 20 log,,(6.88 x 107%) + 1.55 (9.2)
= -43.2 + 14.3
= -28.9 dBV

Values of VIO with a constant arbitrary 1.0 V/MHz input impulse

are shown in Table 10 for several input low-pass filter cutoff
frequencies pertinent to Figure 7. Using the 3 MH- low-pass

cutoff values as references, the change in VIO as the low pass
cutoff frequency is reduced were then tabulated for comparison with
the corresponding measured changes and plotted as dashed lines in

Figure 7.

There is excellent similarity between the calculated
ard measured Pre-Detection Filter curves for the 100 kHz high-pass
ccndition. The differences are somewhat greater for the 10 kH:
high-pass condition, but the important characteristic of in-
creasing slope as bandwidth decreases is there. The measured
curves are somwhat flattened at their upper ends by the Electro-
International AW-203 amplifier frequency response which peaks by
a couple of dB around 1 MHz and then is down by 3 dB at 2.5 MH:.
At the lower ends, the detector response law may be increasing
toward square-law, or even higher as diode conduction ceases.

The lower-end levels are close to noise and below those used in
Figure 5 to establish the 1.55-1law for the experimental detector.
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Pre-Detection High-Pass Filter Cutoff Frequency = 100 kHz

Table 10.

Effects of Pre-Detection Filtering on Impulse Response

Pre-Detection Filter 1.55
*
Low-Pass High-Pass  Bandwidth b VII VII VIO Change In VIO RE:3MHz
Cutoff Cutoff B1 -
- —Calculated Measured
3.0 MHz 0.10 MHz 2.90 MHz -43.2dB 9.2dBV 14.3dBV -28.9dBV 0 dB 0 43
2.00 0.10 1.90 ~39.6 5.6 8.7 -30.9 - 2.0 0
1.00 0.10 0.90 ~33.1 - 0.9 - 1.4 -34.5 - 5.5 -3
0.50 0.10 0.40 ~26.1 - 8.0 ~12.4 -38.5 - 9.6 -9
0.20 0.10 0.10 ~14.,4 -20.0 =31.0 -45.4 -16.5 =20
Pre-Detection High-Pass Filter Cutoff Frequencv = 10 kHz
- Change In V__ RE:3

Pre-Detection Filter . 1.55 g 10

Low-Pass High-Pass Bandwidth b \Y \Y Y Calculated Measured
II I1 10
Cutoff Cutoff B
1
3.00 MHz .01 2.99 MHz -43.5dB 9.5dBV 14.7dBV ~28.8dBV 0 dB 0 dB
2.00 0.01 1.99 -40.0 6.0 9.3 ~30.7 - 1.9 )
1.00 0.01 0.99 -33.9 -0.1 - 0.2 -34.1 - 5.3 0
0.50 0.01 0.49 -27.9 -6.2 - 9.6 ~37.5 - 8.7 -3
0.20 0.01 0.19 -19.8 -l4.4 - 22.3 ~42.1 -13.3 -0
0.10 0.01 0.09 -13.6 -20.9 -~ 32.4 ~46.0 -17.2 -28
Note: BO = 0.10 MHz
* Arbitrarily chosen as equivalent to I = 1 V./MHz.
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3) Broadband Measurement Svstem Conclusions

A system for performing broadband measurements of EMI over
the range from below l4kH: to above 10 GH:z in five bands wi:thout tuning
has been shown to be physically realizeable. The output indication
from such a svstem would be in units, such as decibels, relative
to some specification limit. This imnlies that a threshold detector
set at the specification limit would produce a zo/no-go indication
of the passage or failure of an EMI test of the general type
presently required by MIL-STD-461. For such an indication to be
meaningful without prior knowledge of the nature of the emissions,
all of the ramifications of the measurement specification must be
incorporated into the measurement hardware. This will be possible
only if a new Broadband Measurement Specification is written
around measurement hardware designed to meet certain specific
criteria.

The first criteria of importance is frequency response.
The Broadband Measurement System is realizeable with flat frequency
response to conducted emissions over the range 14kH:z (or below) to
10 GHz (and above), This flat conducted response can then be translated to
radiated response by superimposing broadband antenna factors
which, because of physical limitations on antennas, will dictate
the shape of the specification curves for radiated emissions. At
the present state-of-the-art, antennas may be physically realized
with flat antenna factors up to 100MH: (active antennas) and with
antenna factors which increase at the rate of 6dB/octave (constant
gain) above 100MHz. Once band edges have been established (the
band edges in the hypothetical Broadband Measurement Svstem occur
at 14Xhz, 0.1, 1, 4, 7 and 10GHz), they will have to be standardi:ed
so that consistent results can be obtained when measuring broadband
emissions which overlap the band edges.

>

The second criteria f importance is the ratio of narrow-
band to broadband responses. This ratio can be specified tor CW
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and impulse signals and controlled by adjusting the ratio of pre-
detection to post-detection bandwidth in a crystal-video receiver.
The approximate bandwidths required can be calculated using equa-
tions presented herein. The actual system must incorporate adjust-
able post-detection bandwidths so that thresholds can be accurately
set to CW and impulse signals during calibration. The responses

to other types of signals should then fall into place. Digital
filtering in a microcomputer would be ideal for the final band-
width adjustment.

The third criteria of importance is dynamic range. The
Broadband Measurement System should accept any tyvpe of signal for
which there is a narrowband or broadband specification limit, at the
level corresponding to the limit, without saturation. Failure to
do so will result in the system ignoring emissions which exceed
the limit. Current technology in the area of low-1/f-noise
Schottky-diode detectors is such that this criteria can probably
be met for the worst case (impulses) with r=20dB up to 1GHz, which
is as high in frequency as current MIL-STD-461 carries broadband
limits. Above 1GHz, the system saturation point should be standard-
ized so that consistent measurements can be made with varving
hardware embodiments on marginally-broadband emissions.

While the three basic criteria outlined above are of
primary importance, secondary criteria such as sensitivity, false
alarm rate (primarily a problem of adequate signal-to-noise ratios,
can be reduced by microcomputer analysis) and accuracy f(continuous
automatic calibration is recommended) are also important. A
breadboard Broadband Measurement Svstem should now be assemble.
and tested to demonstrate feasibility.
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B EVALUATION OF MIL-STD-461A LIMITS AND MEASUREMENT PROCEDURE

1) Background

There are twenty-four separate EMI/EMC tests that are
required by MIL-STD-461A. Not all of the twenty-four tests are
required for all classes of equipment. There are four major class
divisions of equipments defined by MIL-STD-461A. They are: Class I,
Communications and Electronics (C&G) Equipments; Class II, Non
Communication Equipments; Class III, Vehicle and Engine-Driven
Equipment; and Class IV, Overhead Power Lines. Each of the classes
are divided into sub classes with the exception of Class IV. For

the work being performed in this contract, the class of equipment
category that describes the type of equipment under consideration
is Class IIIA. This class would cover tanks, armored personnel
carrier, shelters, helicopters, etc. All of the equipment that
would be installed within the Class IIIA System would be either
Class T or Class II types.

2) Class IIIA Systems

Of the twenty-four MIL-STD-461A tests only two are required
for Class IIl A equipments. They are CE03 (.02 to S50MHZ and REOS
(150KHZ to 1GHZ). These two tests measure the impact that the
system has on the environment. There is no provision for suscepti-

bility testing or for intra-system EMI/EMC testing under MIL-STD-
461A. The type of testing required for Class III A equipments

CEO3 and REOS5 lends itself well to automated and broadband measure-
ment techniques for testing.

3) Class I and Class II Equipments

The class III A will contain any number of Class I and
Class Il equipments. The Class I equipments are communication
electronic types and will include receiver, transmitter, test
equipment, computers, etc. (Class Il equipments are non communication
electrical equipment such as power supplies, motors, power tools,
pumps, heaters, etc. Each Class I and Class II equipment is tested
in accordance with MIL-STD-461A. Table 11 lists all of the MIL-STD-
461A measurements required for Class I and Class II equipments. In

order to perform an adequate IEMCAP or similar analysis program on
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Table 11. MIL-STD-46lA Requirements for Class I and Class II Equipments. {
REQUIRED FOR EQUIPMENT
MIL-STO-461A TEST REMARKS
CLASS 1 CLASS 11
Crol: Conducted Emission CD @ Yes for power supplies, hesters, and
Power Leads: 30 Hz - 20 sz YES NG some tools.
CEO2: Conducted Emission O]
Control and Signal Leads: 30 Mz - 20 kila YES NO
CE03: Conducted Emission
Pover Leads: 20 Wiz -~ 50 MHz YES YES
: Conducted Emission YES NO @
Control and Signal Leads: 20 kiz - 50 Miz
i 0 5
CEO3: Conducted Emtssion = s f hicl les.
s Inverse Filter Method: 30 Hz - 50 Mz YES YES © for vehicle accessories
06: Antenna Tersinal Emissions: (
£E06 m‘uu - :;‘:‘au salons YES @ NG @ No for nonantenna equipment.
CS0l: Power Lead Susceptibilicy: YES NO

30 Hz - 50 WHz

CS02: Power Lead Suscepcibility:
SO iz - 400 Mz YES NO
€S03: Conducced Susceptibility YES© NG @ No for transmitter and nonsntenna

Intermodulacion: 30 Hz -~ 10 CHsz equipments.

o CS04: Conducted Susceptidbility
Rejection of Undesirsd Signal YES NG
(Two Sig. Gen. “ethod): 3C Hz - 10 CHz

CS05: Conduccad Suaceptibility
Cross Modulatfon: 30 Hz - 10 CHz YES NO

CS06: Conducted Susceptidility

Spike Pover Lsads: VES NO
CS0?: Conducted Susceptibility v @ No for transmitting equipment - applies
Squelch Circuits: s NO to receivers with squelch circuits only.

CS08: Conducted Susceptibility @
Rejeccion of Undesired Signal YES NO
{One Sig. Cen. Method): 10 Hz - 10 GHsz

REOl: Radiaced Esission @ @ @ Yo ¢ ‘
] ] _Huncuc Fleld: 10 Hz - 30 WMz VES NG No {or nonsntenna equipments.
) A202: Radtlated Zmtssion
z Electeic Fleld: ié kHz - 10 GHz YES YES
A REQ): Radiated Estssion 0) @
Spurious and Harsonice Radiated YES g NG Appiles to transwmittiug equipment oniy.

Technique: 10 kiz - 40 CHz

REC4: Radiated Emission @
Wagnetic Fleld: 20 Hz - 50 kHe YES

o O

RE03: Radiated Ezlssion
Vehicles and Engine-Driven Zquipment: NO NG
150 kiz - | CHz

REQG: Radiated Emission

Overhead Power Line Test NG No
ASOl: NRadiated Susceptibility YES NG
Magnecic Field: 10 He - 1O k2 '

RS02: Madfated Susceptibility YES NG

Magnetic Induction Field

AS03: Aadisced Susceptibilicy
Electetic Pield: 14 wiz - 10 CHz

A$04: Radisted Susceptidilicy
Llectric Pleld: !o Wiz - )0 Mis

L s'ﬁ- %fﬁ\, .




a Class III A equipment, data from some of these tests should be
available as data inputs. Table 12 lists the MIL-STD-461A tests
now used by IEMCAP as data inputs. It also evaluates the suit-

ability of applying an automated or broadband measurement technique
to the measurement procedures to produce this data.

4) Intra System Testing and Analysis

The EMI/EMC analysis of a Class III A equipment may begin
during its design stages; even as early as concept design. The
EMI/EMC data requirements for the individual Class I and Class II
equipments to be part of the Class III A equipment will be defined
by the requirements of the EMI/EMC Analysis svstem to be used.

If IEMCAP is used then,as a minimum the data listed in Table 12 as
IEMCAP inputs should be known for the analysis. Once the EMI/EMC
analysis is run then design decision may be made with respect to
equipment selection, placement and installation. The analysis

will identify critical positions and frequencies within the system.
From the results of the analysis an EMI/EMC intra-system test plan
may be written for the equipment in its final configuration. The
test plan will concentrate on identified problem areas and will

not necessarily be held to MIL-STD-461A limits. Automated and/or
broadband measurement techniques shall be utilized to expedite the
measurement program. The results of the measurement program will
not be how well emission levels compare to some limit level but
rather that the emission levels are below the threshold suscepti-
bility level of any equipment in the overall system. This will
allow the tailoring of the intrasystem tests and limits to conditions
revealed in the analysis phase of the EMI/EMC design. The analysis
could also serve as the determining factor as to which MIL-STD-

461 A tests should be run on new class 1 and class Il equipments

to be part of the system and which limits for the particular test
could be relaxed.
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Table 12. MIL-STD-461A Data Use in IEMCAP and Measurement Technique Evaluation.

RIL-STD-461A TEST

REQUIREL AS

MEASUREMENT TECHNIQUE

1EMCAP INPUT

AUTOMATED

BROADBAND

COST AND
DIFPICULTY

CEol: Conductad Imiseslios
Pover Lasds: 0 Uz - 20 ks

YES

YES

Low

Ce02: Conducted Inissios
Coatrol and $igna) Lesds: 30 Nz - 20 Wis

YES

YES

YES

LOM

CE0): Conducted Intesics
Power Lesds: 20 XNz - 50 Mis

YES

YES

YES

LOw

GED4: Conducted Emissios
Control end Signsl Leads: 20 kNs - 50 Mg

YES

YES

YES

LOwW

€203: Conducted fmissios
loverse Pilcer Method: )0 s - 50 Mis

NO

MiGH ¢

CE06: Antenns Teruissl Imisstons:
10 Wis ~ 12.4 Chz

YES

YES

YES

MEDIUN

"]

.

0l: Power Lead Susceptibility:

30 ¥z -~ 50 Wiz

YES

YES

NO

Low

Q
S

Power Lead Susceptibility:
50 Wiz ~ 400 iz

YES

YES

NO

LOw

Q

0): Conducted Suscepcibility
aterwodulation: 30 Hz ~ 10 GMz

-

NO

NO

HIGH

CS04: Conducted Susceptidility
Rejection of Undesired Signal
(Two Sig. Gen. Method): 30 Wz - 10 Gis

NO

NO

NO

HIGH

£503: Conducted Susceptibility
Cross Modulation: 30 Kz - 10 Qs

NO

NO

NO

MEDIUM

CS06: Conducted Susceptibilicy
Splke Powver Leads:

NO

YES

YES

Low

CS07: Conducted Susceptidility
Squelch Circuits:

NO

NO

NO

LOw

CS08: Conducted Susceptibilicty
Rejection of Undestired Signal
(One Sig. Gen. Method): 30 M2 - 10 Cus

NO

YES

NO

MEDIUM

REOL: Radiated Eagssion
Magnetic Plald: 30 Nz - 30 KNz

NO

YES

LOw

RE02: Madieted Istesion
fleceric Field: 14 WHz - 10 CHs

YES

MEDIUM

A203: Rediated Esission
Spurtious and Marmonice Radisted
Techaique: 10 ks - 40 CMe

NO

YES

YES

MIGH

RE04: Redisted Imissios
Magnetic Tield: 20 Nz - 30 his

NO

YES

YES

LOw

A203: Radieted Zuission
Vehicles and Engine-Driven Equipment:
150 iz - 1 CNs

NO

YES

MEDIuUM

AZ06: fsdisted Enjsstios
Overhead Pover Line Test

YES

YES

LOw

Radiated Susceptidilicy
Fagnetic Pleld: 30 Ns - )0 Wlis

NO

SEmI

NO

LOow

Radisted Susceptidility
Megnetic Induction Tield

NO

SEM]

L]

Low

RS0): Radiaced Susceptibvilicy
Lleceric Plald: 16 Nig - 10 (Ns

YES

SEMI

HiGH

RE0L: Redisted Susceptidilicy
Clectrie Pleld: 16 WNg - 30 Wis

YES

o Usually perfornad in 1iew of CROI, CEO2, CROJ, and CROL.

it




4. WORK PLANNED FOR THE FOURTH QUARTER

In the fourth quarter a number of technical areas of
investigation must be completed. This will include the review of
measurement techniques and instrumentation for frequencies above
10 GHz, description and evaluation of existing automated EMI/EMC
test systems and the completion of the evaluation of the MIL-STD-
461A limits and MIL-STD-462 test procedures. The results of this
work will be combined with the work done in the eariler quarters
of this contract in a final technical report. The report will
also contain a review of all the goals of the contract and how

well they were met.
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